Five organisms having completely sequenced genomes and belonging to all major branches of green plants (Viridiplantae) were analyzed with respect to their content of P-type ATPases encoding genes. These were the chlorophytes Ostreococcus tauri and Chlamydomonas reinhardtii, and the streptophytes Physcomitrella patens (a non-vascular moss), Selaginella moellendorffii (a primitive vascular plant), and Arabidopsis thaliana (a model flowering plant). Each organism contained sequences for all five subfamilies of P-type ATPases. Whereas Na + and H + pumps seem to mutually exclude each other in flowering plants and animals, they co-exist in chlorophytes, which show representatives for two kinds of Na + pumps (P2C and P2D ATPases) as well as a primitive H + -ATPase. Both Na + and H + pumps also co-exist in the moss P. patens, which has a P2D Na + -ATPase. In contrast to the primitive H + -ATPases in chlorophytes and P. patens, the H + -ATPases from vascular plants all have a large C-terminal regulatory domain as well as a conserved Arg in transmembrane segment 5 that is predicted to function as part of a backflow protection mechanism. Together these features are predicted to enable H + pumps in vascular plants to create large electrochemical gradients that can be modulated in response to diverse physiological cues. The complete inventory of P-type ATPases in the major branches of Viridiplantae is an important starting point for elucidating the evolution in plants of these important pumps.
INTRODUCTION
P-type ATPases are primary transporters energized by hydrolysis of ATP with a wide range of specificities for small cations and apparently also phospholipids (Møller et al., 1996; Palmgren and Harper, 1999) . P-type ATPases are characterized by forming a phosphorylated intermediate (hence the name P-type), by being inhibited by vanadate, and by having a number of sequence motifs in common (Serrano, 1989; Axelsen and Palmgren, 1998) . Plant P-type ATPases are characterized structurally by having a single catalytic subunit, 8-12 transmembrane segments, N and C termini exposed to the cytoplasm, and a large central cytoplasmic domain including the phosphorylation and ATP binding sites. P-type ATPases constitute a large and indispensable family in most organisms. The P-type ATPase family can be divided into five major evolutionarily related subfamilies, P1-P5, which group in a phylogenetic tree according to the ions they transport (Axelsen and Palmgren, 1998) . The P-type ATPases are involved in a wide range of fundamental cellular processes such as the efflux or organismal redistribution of micronutrients (P1B Zn 2+ -and Cu 2+ -ATPases), cellular signaling and Ca 2+ compartmentalization (P2A and P2B Ca 2+ -ATPases), energizing the electrochemical gradient used as the driving force for the secondary transporters (P3A H + -ATPases in plants and fungi and P2C Na + /K + -ATPases in animals), and being involved in membrane vesicle budding (P4 ATPases). The function of P5 ATPases is not known but they have been implicated in vesicle budding from the endoplasmic reticulum (Poulsen et al., 2008a) .
The bioenergetic systems of flowering plants and animals use different coupling ions (Skulachev, 1988; Rodríguez-Navarro, 2000) . In animals, the potential energy that can be harvested to drive, e.g., nutrient transport across the plasma membrane derives from a Na + gradient across this membrane. A Na + pump in the plasma membrane is a very efficient system for extrusion of toxic Na + (Gonzalez, 2011; Whittamore, 2012) . A plasma membrane Na + pump in the plasma membrane is also important for the extrusion of toxic Na + . Fish and invertebrates living in the salty oceans are dependent on such a pump for survival. For animals living in marine environments a Na + /K + pumps (P2C ATPases) remain the sole system for formation of electrochemical ion gradients gradients in the plasma membrane (Morth et al., 2011) .
In contrast, in plant and fungal cells, it is an electrochemical gradient of H + that energizes the plasma membrane (Morth et al., 2011) . In cells of flowering plants, the plasma membrane completely lacks Na + pumps and depends entirely on plasma membrane H + pumps for establishing a steep electrochemical ion gradient across the plasma membrane. In those flowering plants in which salt tolerance mechanisms have been investigated, strategies other than primary active extrusion of Na + (i.e., efflux through a Na + pump) appear to have evolved (Tester and Davenport, 2003; Flowers and Colmer, 2008) . Unfortunately, most flowering plants remain very sensitive to saline environments and salinization of soils due to extensive irrigation is becoming an increasing problem for productivity of agriculture, especially in arid regions of the world (Tester and Davenport, 2003; Yamaguchi and Blumwald, 2005) .
The apparent absence of Na + pumps in flowering plants raises several questions. In ancestral plants containing both Na + and H + pumps, did both pumps help energize the plasma membrane, and did those membranes function with co-transport systems that could utilize both Na + and H + gradients? During the evolution of flowering plants, was there a physiological reason why plasma membranes might not function well with both Na + and H + pumps? Did the flowering plant lineage evolve from an ancestor living exclusively in a fresh water environment, or were Na + pumps gradually lost at later points in evolution? Is it possible that Na + pumps are still present in some flowering plants that have not yet been studied?
With the completion of genome sequences from all major branches of Viridiplantae, it is now possible to study the evolution of primary transport capabilities throughout the green plant lineage and to compare these transporters with those of protists, animals, and fungi. Our analysis of five selected plant genomes suggest that Na + pumps coexisted with primitive plasma membrane H + pumps in both early aquatic and terrestrial plants. However, at some point in the evolution of vascular plants, Na + pumps appear to have been lost. The evolution of multicellular land plants also correlates with an expansion in number and potential regulatory features for H + pumps, Ca 2+ pumps, heavy metal pumps, and lipid flippases. In contrast, the P5 subfamily did not show an equivalent change, with only one or two isoforms present in all five plant lineages. This study provides an evolutionary framework for considering how P-type ATPases contribute to the biology of all Viridiplantae, from single celled algae to multicellular flowering plants.
MATERIALS AND METHODS
The P-type ATPase sequences were identified by searching for sequences in UniProtKB (The UniProt Consortium, 2012) and in Phytozome 1 from the relevant genomes that matched the PFAM profile PF00122 and in UniProtKB also the PROSITE pat- Axelsen and Palmgren, 1998) . The PROSITE pattern is unique for P-type ATPases while the PFAM profile is more inclusive and also matches sequences that cannot function as active P-type ATPases as they lack the phosphorylated Asp residue that is present in the PROSITE pattern. Since the sequences in Phytozome do not include information about matches to PROSITE patterns, only PFAM was used to select sequences from this resource. The identified sequences were aligned and duplicates were removed. All genomes except Arabidopsis are still draft versions in the databases, so often the predicted P-type ATPases do not represent complete proteins. Furthermore, the versions identified in UniProtKB and in Phytozome were not 100% identical. When possible, the UniProtKB sequence was chosen.
The resulting dataset of 150 sequences were aligned using Muscle (Edgar, 2004) . The resulting alignment of the 150 full-length sequences was used to construct a phylogenetic tree using the Neighbor Joining method as implemented in QuickTree (Howe et al., 2002) . The standard parameters of Muscle and QuickTree were used. For visualization of the constructed tree we used Dendroscope (Huson et al., 2007) . A phylogenetic tree for each subgroup (P1-P5) of the 150 sequences was constructed and visualized similarly. For each subgroup, the corresponding set of sequences was selected from the dataset of 150 sequences. The selected sequences and a few additional outlier sequences were aligned using Muscle and a phylogenetic tree was constructed using QuickTree. The trees for the individual subfamilies are all rooted with the sequence of the E. coli P1A ATPase KdpB (P03960) as outgroup. The 150 sequences as well as sequences for the outliers employed are available as Fasta files in Supplementary Information.
RESULTS
In this work we identified genes encoding P-type ATPases in the sequenced genomes from five representatives of the green plant lineage (Viridiplantae), which previously diverged from opisthokonts (animals, fungi, and Choanozoa; Yoon et al., 2004 ; Figure 1 ). The Chlorophytae (green algae, including Chlamydomonas and Ostreococcus) diverged from the Streptophytae (land plants and their close relatives; Figure 1 ) over a billion years ago. In this work, the genomes of two green algae were analyzed, namely those of Ostreococcus tauri (Derelle et al., 2006) and Chlamydomonas reinhardtii (Merchant et al., 2007) , and three land plants, the moss Physcomitrella patens (Rensing et al., 2008) , the primitive vascular plant Selaginella moellendorffii 2 and the flowering plant Arabidopsis thaliana (The Arabidopsis Genome Initiative, 2000) . The latter has previously been investigated for its content of P-type ATPases (Axelsen and Palmgren, 2001) .
Ostreococcus tauri is an extremely small (0.8 µm wide) unicellular green alga, which belongs to the Prasinophyceae, one of the 2 http://genome.jgipsf.org/Selmo1/Selmo1.home.html Frontiers in Plant Science | Plant Physiology most ancient groups within the lineage of green plants (Courties et al., 1998) . This organism is a naked, non-flagellated cell possessing a single mitochondrion and a single chloroplast, and a common member of global oceanic picoplankton populations. C. reinhardtii is a much bigger (∼10 µm), likewise unicellular green alga. It lives in terrestrial soils and has multiple mitochondria, two anterior flagella for motility and mating, and a chloroplast (Rochaix, 1995) . P. patens is a moss, a representative for primitive land plants without a vascular system. S. moellendorffii is a member of an ancient vascular plant lineage that first appears in the fossil record about 400 million years ago (Banks, 2009) . A. thaliana was the first angiosperm to have its genome sequenced, and is a model plant for understanding the molecular biology of flowering plants. Figure 2 shows the phylogenetic relationship of all the 150 sequences listed in Table 2 , which were evaluated in this study. They are distributed in all five major families of P-type ATPases with some noteworthy comparisons discussed below.
P1B ATPases: HEAVY METAL PUMPS
Heavy metal pumps (P1B ATPases) are found in all life forms including bacteria. In eukaryotes, these pumps are typically encoded by multigene families (Axelsen and Palmgren, 1998) . The model dicotyledonous plant A. thaliana contains eight P1B ATPases, which can be divided into three groups according to conserved sequence motifs and their putative substrate specificity (Axelsen and Palmgren, 2001; Williams and Mills, 2005; Argüello et al., 2007) . AtHMA5 to 8 belong to group P1B-1 and are predicted to transport Cu/Ag, while AtHMA2 to 4 belong to group P1B-2 predicted to transport Zn/Cd, and AtHMA1 belongs to group P1B-4 with a predicted broad substrate specificity (Zn/Cu/Co/Cd/Pb/Ca). P1B ATPases were found in all organisms investigated in this study (Figure 3) . The genome of C. reinhardtii encodes five P1B ATPases, four of which (CrHMA2-5) belong to the P1B-1 cluster. A representative protein in A. thaliana from this cluster is AtHMA8/PAA2. This protein localizes to the thylakoid membrane of chloroplasts and is required for Cu delivery during the biogenesis of plastocyanin (Abdel-Ghany et al., 2005) .
The only heavy metal ATPase in C. reinhardtii that is not a P1B-1 pump, is CrHMA1, which belongs to the P1B-4 cluster in which AtHMA1 is also found. AtHMA1 is localized to the chloroplast inner envelope membrane (Seigneurin-Berny et al., 2006; Kim et al., 2009 ). This ATPase has been reported to function as a transporter for Cu and Ca in addition to Zn/Cd/Co (SeigneurinBerny et al., 2006; Moreno et al., 2008; Kim et al., 2009 ). All five organisms investigated in this study had one or two representatives of P1B-4 ATPases.
Zn transporting P1B ATPases are common in prokaryotes but have not been identified in fungi and animals. In O. tauri, which has one of the smallest known eukaryotic genomes, there are five P1B ATPases (∼30% of its P-type ATPase genes), which FIGURE 2 | Phylogenetic tree of P-type ATPases analyzed in this study. Not all branches are labeled. Accession numbers for sequences are given in Table 2. www.frontiersin.org FIGURE 3 | (A) Phylogenetic tree of P1B ATPases (heavy metal pumps) from Viridiplantae. Accession numbers for sequences are given in Table 2 . For comparison, the following outliers were included: a bacterial P1A ATPase E. coli KdpB (P03960), and HsATP7A (Q04656), and ScCcc2p (P38995), Cu + pumps from H. sapiens and S. cerevisiae, respectively. (B) Numbers of P1B ATPases by subgroups (Argüello et al., 2007) in the five plant genomes analyzed.
distribute among all three clusters of P1B ATPases, including a single P1B-2 pump. In our analysis, P1B-2 ATPases were found in O. tauri (OtHMA1), S. moellendorffii (SmHMA1, SmHMA2, and SmHMA4), and A. thaliana (AtHMA2, AtHMA3, and AtHMA4; Figures 3 and 4) . P1B-2 ATPases could not be identified in C. reinhardtii and P. patens. Among the A. thaliana P1B-2 ATPases, AtHMA2, and AtHMA4 are localized to the plasma membrane. They show redundant function in cellular export of Zn and Cd into plant vascular tissues where they facilitate xylem loading and transport to the shoot (Hussain et al., 2004; Verret et al., 2004; Mills et al., 2003; Wong and Cobbett, 2009) .
As P1B-2 Zn ATPases are absent from fungi and animals, but common in bacteria, it seems likely that in plants these pumps have evolved from chloroplastic pumps. With the advent of vascular plants, it is likely that a subset of P1B-2 ATPases was targeted to the plasma membrane and acquired a new role in redistribution of Zn within the plant body.
P2A ATPases: ER-TYPE Ca 2+ -ATPASES
P2 ATPases form a large subfamily further divided into at least four clusters of pumps, two (P2A and P2B) having specificity for Ca 2+ and two (P2C and P2D) for Na + as the transported ligand ( Figure 5 ).
P2A ATPases were identified in all plants studied here ( Figure 5) . A single pump from each organism (OtECA2, CrECA4, PpECA4, SmECA4, and AtECA3) form a distinct subset of ER-type Ca 2+ -ATPases (ECAs) closely related to the animal sarcoendoplasmic reticulum Ca 2+ pump SERCA1 ( Figure 5 ). In the flowering plant A. thaliana, AtECA3 is a Golgi-localized pump that can transport Ca 2+ and Mn 2+ (Li et al., 2008; Mills et al., 2008) .
In a comparison among many eukaryotes, a subset of P2A Ca 2+ -ATPases form a distinct cluster and have been named secretory pathway Ca 2+ -ATPases (SPCAs; Wuytack et al., 2003) . These pumps are identified in fungal and animal cells and are localized to the Golgi apparatus or other membranes of the secretory pathway. As evident from Figure 6 , representatives of these pumps from fungi (S. cerevisiae and S. pombe) are characterized by having lost Ca 2+ binding site 1.
Only a single likely SPCA protein was found in our analysis, namely PpSCA1. This protein clusters with other SPCAs and does not contain conserved residues expected for Ca 2+ binding site 1 ( Figure 6A ). Among reference plant and animal genomes surveyed, PpSCA1 showed the greatest identity (30%) to the secretory pathway Ca 2+ -ATPase Pmr1p from S. cerevisiae (Rudolph et al., 1989; Antebi and Fink, 1992) . 
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P2B ATPases: AUTOINHIBITED Ca 2+ -ATPases
P2B ATPases are Ca 2+ pumps that are activated by binding of calmodulin to autoinhibitory terminal domains. A marked difference between higher plant and animal P2B ATPases is that their calmodulin-binding domains (CMBDs) are situated in the Nand C-terminal domains, respectively . Autoinhibited Ca 2+ -ATPases (ACAs) from flowering plants have been shown to be activated by Ca 2+ in the presence of calmodulin and are characterized by an N-terminally situated CMBD (Malmström et al., 1997; Harper et al., 1998; Curran et al., 2000; Hwang et al., 2000) . The CMBD overlaps partially with an autoinhibitory pump sequence (Baekgaard et al., 2006) and it has been proposed that calmodulin, by binding to the CMBD, neutralizes the constraint set by the autoinhibitory sequence on the pump molecule (Baekgaard et al., 2006) . Animal P2B ATPases are likewise activated by calmodulin, but in these the CMBD is situated in an extended C-terminal domain (James et al., 1988) . Putative CMBDs were identified in the N-terminal domains of most P2B ATPases of P. patens, S. moellendorffii, and A. thaliana (Figure 7) . The proposed CMBDs in AtACA12 and AtACA13 are weakly defined. Importantly, an N-terminal CMBD could not be identified in P2B ATPases from the chlorophytes O. tauri and C. reinhardtii.
As animal P2B ATPases are equipped with a C-terminally located CMBD, we analyzed all of the plant P2B ATPases for a putative regulatory domain in this location. CMBDs have very little similarity between calmodulin-binding proteins and can be difficult or impossible to predict with certainty although as a rule there is alternation between bulky aromatic and positively charged residues. No C-terminal extensions could be identified in Streptophyte P2B ATPases. In contrast, a conserved sequence with weak resemblance of a CMBD was identified in the C-terminal domain of P2B ATPases from the chlorophytes O. tauri and C. reinhardtii (Figure 7) , which are missing a similar sequence from their N-terminal domain. The calmodulin-binding capacity of these putative CMBDs remains to be tested, but it is an attractive working hypothesis that swapping of the CMBD from the C-terminal to the N-terminal domain occurred at the split between Chlorophytae and Streptophytae.
P2C ATPases: Na
The Na + /K + -ATPase of animal cells was the first P-type ATPase to be discovered (Skou, 1957) , but all subsequent attempts to identify www.frontiersin.org FIGURE 5 | Phylogenetic tree of P2 ATPases (Ca 2+ and Na + pumps). Accession numbers for sequences are given in Table 2 . For comparison, the following outliers were included: a bacterial P1A ATPase E. coli KdpB (P03960), the S. cerevisiae pumps ScPmr1p (P13586), ScPmc1p (P38929), and ScEna1p (P13857), the H. sapiens pumps HsPMCA1 (P20200), HsSERCA1 (O14983), and HsNaKα1 (P98194), and the Trypanosoma cruzi pump TcENA (Q76DT8).
a Na + pump in vascular plants failed. Vascular plants tend to be very sensitive to elevated Na + in the soil, which is probably due to the lack of an effective Na + extrusion system such as a Na + /K + -ATPase. In animal cells, the plasma membrane is energized by the Na + /K + -ATPase whereas in a typical plant, the plasma membrane H + -ATPases (P3A ATPases) carry out this function. It has therefore been hypothesized that P2C Na + /K + -ATPases were lost at a branch point in the Streptophyta plant lineage, presumably in an organism that evolved in a fresh water environment and utilized a plasma membrane H + -ATPase to energize its plasma membrane (Palmgren, 2001) .
Biochemical evidence has pointed to the presence an electrogenic, vanadate-sensitive, ouabain-resistant Na + -ATPase in the plasma membrane of marine chlorophytes (Popova et al., 1999 (Popova et al., , 2005 Gimmler, 2000) and chlorophyte expressed sequence tags with similarity to Na + /K + -ATPase have been identified (BarreroGil et al., 2005) . Both chlorophytes analyzed in this work contain sequences with strong similarity to an animal Na + /K + -ATPase (Figure 8) . No Na + /K + -ATPase has been crystallized in a form with bound Na + , but a homology model has been built (Morth et al., 2011) based on the structure of a Na + /K + -ATPase with bound Rb + (as a substitute for K + ) and the structure of SERCA1 with bound Ca 2+ . According to this model, residues in several transmembrane segments of Na + /K + -ATPase contribute with binding ligands to Na + (Figure 8 ). All these residues are conserved in OtNAK1 and CrNAK1, strongly suggesting that these ATPases operate as Na + pumps. O. tauri is a chlorophyte that lives in oceans, where a Na + /K + -ATPase is of obvious benefit for extrusion of Na + leaking in from sea water. However, it is peculiar that C. reinhardtii, a green alga of terrestrial soils, is also equipped with such a pump. This suggests that the presence of Na + /K + pumps in green algae is a primitive character that was lost with the emergence of Streptophytae. This hypothesis is supported by the widespread presence of P2C pumps in other eukaryotes and archaea (Sáez et al., 2009 ).
As mentioned above, the substrate specificity of PpSCA1 is uncertain, with features that are both consistent and contrary to speculations on the transport of either Na + or Ca 2+ . This pump does have some similarity with chlorophyte Na + /K + -ATPases, but ligands contributing to Na + Site 3 are not present and similarity to sites contributing to sites 1 and 2 are not absolute ( Figure 6A ). Biochemical and genetic experiments are needed to address the question of substrate specificity for PpSCA1.
P2D ATPases: Na
+ OR K + PUMPS OF MOSSES AND FUNGI P2D ATPases form a unique group of pumps so far only found in mosses, fungi, and protozoa and confer Na + tolerance to organisms in which they are expressed (Rodríguez-Navarro and Benito, 2010 (Toyoshima et al., 2000) are marked in blue. Only sequences including the predicted transmembrane segments M4, M5, M6, and M8 are shown. mosses. A close fungal homolog to PpENA1 is from Neurospora crassa (Q9UUX8; 43% identity). When protein databases were searched for similar proteins outside plants and fungi, hits were only found in protist sequences.
In P2A ATPases, two Ca 2+ sites are present: Site 1 and Site 2 (Toyoshima et al., 2000) . In SPCAs ( Figure 6A ) and P2D ATPases (Figure 6B ), Site 1 is missing. Thus, two negatively charged Glu residues in M6 and M8, which in SERCA1 contribute to Ca 2+ coordination in Site 1, are absent in both secretory pathway pumps and P2D pumps. Notably, a negatively charged Asp in M6, which is conserved in all other P2-type ATPases, is replaced by a neutral residue in P2D pumps (Rodríguez-Navarro and Benito, 2010; Figure 6B ). In the available structures of P2A, P2C, and P3A ATPases Olesen et al., 2007; Pedersen et al., 2007) , this Asp contributes to coordination of all transported cations including Ca 2+ , Na + , K + , and H + . The absence of the Asp in M6, in addition to other negatively charged amino acid residues in the membrane domain, therefore appears to be a hallmark of P2D ATPases. When the sequences of P-type ATPases retrieved in this study were analyzed in detail it appeared that two pumps from C. reinhardtii, here named CrENA1 and CrENA2, are likely to represent chlorophyte P2D ATPases as they lack a negatively charged Asp in M6 ( Figure 6B ). Although these branch out close to P2D pumps ( Figure 5 ) they have less than 33% identity to these or any other plant pumps.
P3A ATPases: AUTOINHIBITED H + -ATPases
We identified P3A ATPases in all genomes of Viridiplantae analyzed in this work (Figure 9 ). P3A ATPases energize the plasma membrane of plants and fungi by establishing a large proton gradient and membrane potential (negative on the inside) across the plasma membrane (Palmgren, 2001) . The potential energy stored in this gradient serves as a proton motive force that drives a large number of transport processes carried out by secondary active transporters and channel proteins. The plasma membrane proton pump isoform 2 from A. thaliana (autoinhibited H + -ATPase 2, AHA2) is expressed throughout the plant and, together with the closely related isoform AHA1, is essential for plant growth (Palmgren, 2001; Haruta et al., 2010) . In this respect, they serve as functional analogs to the Na + /K + -ATPases of animal cells (Morth et al., 2011) .
www.frontiersin.org In Chlamydomonas, two plasma membrane H + -ATPases have been described in the literature (Campbell et al., 2001) . Closely related homologs to OtAHA2 are found in other green algae but not in streptophytes. Outside this group, OtAHA2 has highest similarity (42-44% identity) to plasma membrane H + -ATPases of protists that have been characterized biochemically as P-type H + -ATPases (Luo et al., 2002 (Luo et al., , 2006 ; Figure 9 ). OtAHA2 has lesser but marked similarity to AtAHA2 (38% identity). The most divergent P3A ATPase analyzed in this study is OtAHA1.
All P3A plasma membrane H + -ATPases have conserved residues that have been implicated as being important for H + transport ; Figure 10) . These include the H + acceptor/donor Asp684 (AtAHA2 numbering) in M6 and the proposed gate-keeper residue Asn106 in M2 Buch-Pedersen et al., 2009 ). Arg655, which in AtAHA2 has been proposed to prevent backflow of H + through the pump, a feature likely to be essential when electrochemical gradients get steep, is strictly conserved in all streptophyte pumps. Interestingly, this residue is absent in chlorophyte P3A ATPases except for CrAHA3 (Figure 10) . CrAHA3 is the chlorophyte pump that shows the highest similarity to a streptophyte H + pump (Figure 9) .
Notably, typical protists and chlorophytes are characterized by having both Na + and H + pumps. Protists are equipped with P2D Na + pumps and chlorophytes with P2C Na + /K + pumps (Table 1; Figures 8 and 9) . As plasma membrane H + -ATPases in these organisms lack the residue corresponding to Arg655 (to FIGURE 8 | Alignment of predicted transmembrane segments of putative chlorophyte Na + /K + -ATPases (OtNAK1 and CrNAK1) with similar regions in the human Na + /K + -ATPase α1 subunit (ATP1A1; P05023). Residues that in Na + /K + -ATPase are likely to contribute with oxygen atoms for coordination of Na + are marked by blue. Numbers above these residues refer to which of the three Na + sites (1-3) they contribute to. Residues contributing to an alternative Na + site (site 3b) are marked 3 .
block H + backflow), this would suggest that in organisms with co-expression of electrogenic H + and Na + pumps, it is the role of Na + ATPases to generate a plasma membrane electrochemical gradient, which in turn can be used as an energy source to drive a variety of cellular processes, such as secondary active transport. P3A ATPases in protists and chlorophytes might therefore have other roles than establishing electrochemical gradients, e.g., controlling intracellular pH.
Angiosperm plasma membrane H + -ATPases are regulated by an extended C-terminal domain that functions as a pump auto inhibitor (Palmgren et al., 1991) . All residues in this domain of ∼100 residues have been mutagenized and two clusters of Table 2 . For comparison, the following outliers were included: a bacterial P1A ATPase E. coli KdpB (P03960), the S. cerevisiae pump ScPma1p (P05030), and the Trypanosoma cruzi pump TcHA1 (Q8T7V7).
autoinhibitory sequences have been identified, Region I and Region II (Axelsen et al., 1999) . Further, in the extreme C-terminal end, a 14-3-3 binding site has been identified. 14-3-3 binding results in pump activation, but in order for 14-3-3 binding to occur, the penultimate residue (a Thr or Ser) first has to become phosphorylated (Fuglsang et al., 1999; Svennelid et al., 1999; Maudoux et al., 2000) .
When C-terminal sequences of putative P3A ATPases were analyzed, the complete set of regulatory sequences (Region I-II and the 14-3-3 binding site) could be identified in all AHAs of S. moellendorffii and A. thaliana (Figure 11) . In S. moellendorffii the shorter C-terminal regions of CrAHA2 and PpAHA1, a stretch of residues with weak but notable similarity to Region I could be identified (Figure 11) . In these pumps, sequences with similarity to Region II and the 14-3-3 binding site could not be observed. In Chlorophyte P3A ATPases resembling protist plasma membrane H + -ATPases (OtAHA1, CrAHA1, and CrAHA3) no sequences with similarity to any of these regions could be identified. The presence of a putative Region I in the C termini of CrAHA2 and PpAHA1 suggests that the basic regulatory apparatus of the higher plant C-terminus could have been present in the first green plants, but that more complex features (e.g., a 14-3-3 binding site) evolved latter in the evolution of vascular plants. In support of an early origin of Region I, the S. cerevisiae plasma membrane H + -ATPase Pma1p has a short autoinhibitory sequence in its C-terminal domain with weak similarity to Region I, which appears to be involved in regulation of pump efficiency (Portillo et al., 1989; Venema and Palmgren, 1995) .
P4 ATPases: PUTATIVE LIPID PUMPS
P4 ATPases in plants have been implicated in flipping phospholipids across biological membranes (Poulsen et al., 2008a) . They are completely absent from eubacteria and archaebacteria, whereas in eukaryotes they are typically encoded for by multigene families (Axelsen and Palmgren, 1998) .
We identified P4 ATPases in all of the Viridiplantae investigated in this study (Figure 12) . The chlorophyte O. tauri was the only organism with a single P4 ATPase. This solitary P4 ATPase groups in the phylogenetic tree in the same larger branch as AtALA3. AtALA3 activity is connected with transport of phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine in A. thaliana (Poulsen et al., 2008b) . Further, www.frontiersin.org FIGURE 10 | Alignment of predicted transmembrane segments in P3A H + -ATPases. Asterisks mark residues of potential importance for proton coordination and pumping based on evidence from mutagenesis and analysis of a crystal structure for AtAHA2 . The number of the amino acid residue in AtAHA2 is indicated above each asterisk. R655 in M5, which seems important for controlling backflow of H + at high electrochemical gradients , is lacking in some chlorophyte H + -ATPases. (Axelsen and Palmgren, 2001) . it is a resident of the trans Golgi of root tip cells where it is connected to the generation of secretory vesicles leaving the Golgi apparatus (Poulsen et al., 2008b) .
P5 ATPases: PUMPS WITH NO ASSIGNED SPECIFICITY
P5 ATPases constitute the least characterized group of P-type pumps and their transported ligand -if any -has not been identified. These pumps are absent from prokaryotes and are confined to eukaryotes where they reside in internal membrane systems (Møller et al., 2008) . Based on sequence analysis, they are divided into two groups, P5A and P5B, each of which is predicted to transport different substrates based on differences in their transmembrane segments (Figure 14 ; Sørensen et al., 2010) . P5A ATPases have been found in all eukaryotic genomes analyzed so far (Møller et al., 2008) and were identified in all Viridiplantae analyzed in this study (Figure 13) . Only a single P5A ATPase could be identified in each organism. P5B ATPase sequences have so far been identified in the genomes of all eukaryotes examined, except for two plant lineages. Their widespread distribution supports a model in which they arose at an early point in the evolution of eukaryotes (Sørensen et al., 2010) . When the Viridiplantae genomes analyzed here were searched for P5B sequences, we could identify P5B ATPases in C. reinhardtii, P. patens, and S. moellendorffii, but not in O. tauri and A. thaliana (Figure 13 ). This suggests that loss of P5B ATPases occurred at least twice in the evolution of Viridiplantae.
DISCUSSION EVOLUTION OF PLANT P-TYPE ATPases
This survey of P-type ATPases provides evidence that members of the green plant lineage require at least five different types of Ptype ATPases. Each of the five reference genomes analyzed showed at least one representative from each of the five subgroups of Ptype ATPases. However, within the five different subgroups there is Frontiers in Plant Science | Plant Physiology Table 2 . For comparison, the following outliers were included: A bacterial P1A ATPase E. coli KdpB (P03960), the S. cerevisiae pump ScDrs2p (P39524), and the H. sapiens pump HsATPaseII (ATP8A1; Q9Y2Q0).
still evidence for considerable evolution of biochemical functions (Figure 15 ). For example, within the P2-type pumps, there are at least four subdivisions that delineate two subfamilies each of Na + and Ca 2+ pumps (Figure 5) .
In Arabidopsis there are 46 pumps, compared to 14 in O. tauri, 22 in C. reinhardtii, 33 in P. patens, and 32 in S. moellendorffii . This is consistent with a speculation that multicellular organisms require more pumps, presumably to provide specialized functions associated with more complex developmental programs or more variable environments. While loss of function phenotypes have been established for at least one member of each pump type in Arabidopsis, most of the 46 pumps remain uncharacterized at the genetic level.
The evolutionary diversity of P-type ATPases raises many questions to be explored. For example, why does O. tauri require only one lipid flippase (P4-type pump), whereas rice and Arabidopsis have 10 and 12 members, respectively (Baxter et al., 2003) . What are the cellular functions of the lipid flippases? Are their biochemical functions limited to flipping lipids, or do they also help insert or remove lipids from membranes? At a structural level, how have the P4-pumps evolved from an ancestor that recognized simple cation substrates into having a dynamic interaction with lipids?
FIGURE 13 | Phylogenetic tree of P5 ATPases (having unknown transport activity). Accession numbers for sequences are given in Table 2 . For comparison, the following outliers were included: a bacterial P1A ATPase E. coli KdpB (P03960), the S. cerevisiae pumps ScSpf1p (P39986) and ScYpk9 (Q12697), and the H. sapiens pumps HsATP13A1 (Q6NT90) and HsATP13A4 (Q4VNC1).
The relative expansion of the proton pump family (P3A) in flowering plants is also noteworthy, with 11 and 10 members in Arabidopsis and rice, respectively (Baxter et al., 2003) , and only two in P. patens and S. moellendorffii. Do physiological complexities of flowering plants necessitate different isoform specific features?
In contrast, P5 pumps have only one or two representatives in all five reference organisms. The biochemical functions of these pumps are not clear, but their general importance to eukaryotes is supported by the presence of at least one representative in reference genomes from yeast to man.
The observation that all five reference genomes have two types of Ca 2+ pumps, P2A and P2B suggests that both subgroups have conserved functions. A role in Ca 2+ signaling has been proposed for P2B pumps, based on the presence of a regulatory domain that provides for activation of the pump by Ca 2+ /calmodulin. Genetic evidence supports a model in which regulation of pump activity could modulate the magnitude or duration of a Ca 2+ signal (Qudeimat et al., 2008; Boursiac et al., 2010; Zhu et al., 2010; Spalding and Harper, 2011) . For the P2A pumps, genetic evidence suggests that they function in the homeostasis of both Ca 2+ and Mn 2+ (Wu et al., 2002; Li et al., 2008; Mills et al., 2008) . Delineating signaling and nutritional functions of these pumps is an important challenge for the future.
THE EVOLUTION OF PLASMA MEMBRANE H
+ AND Na + PUMPS
The evolution of Na + pumps (type 2C and 2D) is of interest from several perspectives. First, the relatively close relationship between www.frontiersin.org FIGURE 14 | Alignment of predicted transmembrane segments of putative P5B ATPases aligned with similar regions in the S. cerevisiae P5B ATPase ScYpk9p (Q12697). Residues conserved in all P5B ATPases (according to Sørensen et al., 2010) are marked in blue. Those that are highly conserved are marked in cyan. The P5A ATPase AtP5A/AtMIA is shown with residues conserved in P5A ATPases highlighted in red (Sørensen et al., 2010) . Asterisks mark residues that are likely to play a role in ligand coordination.
Na + and Ca 2+ pumps raises an interesting evolutionary question of which came first? Since both Na + and Ca 2+ can be toxic within the cytosol, did both types of pumps arise early in evolution as a way to efflux toxic ions? Second, it appears that ancestral plants had both P2C and P2D ATPases. Both groups of pumps have remained in Chlorophyceae, represented here by the terrestrial green algae C. reinhardtii, but appear to have been lost in vascular plants (Figure 15 ). An interesting question is why do the chlorophytes examined here have both H + and Na + pumps? For organisms such a C. reinhardtii that can live in fresh water, what is the evolutionary pressure for the retention of a Na + pump? For organisms that live in saline environments, such as O. tauri, why retain a plasma membrane H + pump? It seems reasonable to assume that Na + pumps alone could control cytoplasmic Na + levels and energize the plasma membrane for signaling and co-transport systems, as they do in typical animal cells. However, it is possible that the H + pumps actually evolved in marine organisms not to energize the plasma membrane, but rather to control cytoplasmic pH.
Regardless of their evolutionary origins, the observation that both H + and Na + pumps co-exist in the plasma membrane of well studied chlorophytes raises a question about which ion is used to drive secondary active transport systems? Are there different sets of H + or Na + specific co-transporters, or can the cotransporters be driven by either H + or Na + gradients? In vascular plants, Na + pumps appear to have been lost, leaving only plasma membrane H + -ATPases to drive secondary transport systems. As a consequence it is thought that most plasma membrane cotransporters in vascular plants are H + coupled.
In the Arabidopsis pump AtAHA2, a conserved Arg in transmembrane segment M5 (Arg655) appears to be an important part of the H + pumping apparatus . This residue has been proposed to serve as a built-in cation that allows for rapid transition of the pump from the E1P to the E2P conformational state and as a gate-keeper that prevents H + from flowing backward ("backflow protection"; Pedersen et al., 2007; Buch-Pedersen et al., 2009) . Further, in AHA2, a complex C-terminal regulatory domain with two autoinhibitory regions and a binding site for activating 14-3-3 protein is present (Axelsen et al., 1999) . Backflow protection and multiple regulatory features are characteristic of all well studied H + pumps in flowering plants. The observation of similar features associated with the S. moellendorffi pumps (Figure 11) , suggests that H + pumps with"advanced features"may be universal to all vascular plants.
In contrast, the plasma membrane H + pumps in chlorophytes appear to be more primitive in at least two aspects ( Figure 9B) . First, both P3A pumps of O. taurii lack the conserved Arg of M5 and two out of the three P3A pumps in C. reinhardtii also lack this residue (Figure 10) . Second, a complex C-terminal regulatory domain is absent from the chlorophyte pumps.
The presence of "more advanced" H + pumps in vascular plants would suggest that these organisms have the capacity to utilize H + pumps to energize their plasma membranes with large electrochemical gradients. In flowering plants, H + pumps can create steep H + gradients and membrane potentials that can exceed 200 mV (negative on the inside; Hirsch et al., 1998) . In comparison, Na + /K + pumps in animal cells typically only produce membrane potentials around 60 mV. It is tempting to hypothesize that vascular plants have evolved to rely on these "more advanced"pumps to create very large electrochemical gradients for special purposes, such as signaling or nutrient transport. However, Frontiers in Plant Science | Plant Physiology FIGURE 15 | Overview of the evolution of Na + and H + transporting P-type ATPases in Viridiplantae. Most likely, the ancestor of green plants had two types of Na + pumps (P2C and P2D) in addition to a plasma membrane H + pump (P3A). In present day plants, the terrestrial green algae C. reinhardtii still has all three types of pumps whereas Na + pumps have been lost completely in vascular plants (here represented by Lycopodiophyta and Spermatophyta). during evolution, large H + -based electrochemical gradients may have been problematic in the presence of a Na + pump. For example, a large membrane potential or pH gradient may have resulted in ancestral Na + pumps mis-functioning as H + or Na + leaks. As a result, Na + pumps may have been lost as vascular plants evolved to rely on their more advanced H + pumps.
FRONTIERS IN P-TYPE ATPase RESEARCH
The frontiers of P-type ATPase research can be divided into three areas. The first is to understand cellular and organismal functions of each pump. The second is to match biological functions with a structural understanding of how pumps transport specific substrates, and how their activities are modulated by signaling systems. The third is to explore ideas about how P-type ATPases can be altered or used to improve crop plants. For example, can Na + pumps from chlorophytes be moved into crop plants to provide improved Na + tolerance? Or would these pumps require re-engineering to prevent them from becoming H + or Na + leaks in cell types with large membrane potentials or H + gradients. As these frontiers are considered, it is worth remembering that P-type ATPases have already proven themselves as flexible substrates for evolution, producing pumps with a wide diversity of functions, from pumping protons to flipping lipids. 
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